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Abstract 
Behavioural differences that are repeatable on an individual basis can be considered as animal 
“personality” traits. In particular, personality traits (such as boldness) may combine risk-
seeking behaviour, explorative behaviour and aggression, with associated fitness benefits and 
costs. Multiple approaches to achieving a mechanistic understanding of these traits have been 
proposed with varying levels of support. One prominent theoretical framework is that of a 
behaviour-physiology-performance model, in which personality types have a physiological 
underpinning and thus may influence whole-organism performance. Thermal conditions may 
enhance or temper relationships between behaviour and performance owing to the importance 
of temperature in ectotherm physiology. This study investigated the existence of personality 
and relationships between personality type, performance and temperature within and between 
three populations of the marine teleost Clinus superciliosus, distributed across the continuous 
thermal gradient of the South African coast. Behavioural trials revealed that traits were 
repeatable both within and across temperatures. Microclimate and historical thermal data 
showed that the Cape St Francis (South-East coast) and Glentana (South coast) locations were 
similar in average thermal conditions but Glentana was less variable, while Hondeklip Bay 
(West coast, cold-origin) had much colder mean temperatures than the other two locations. Fast 
start-performance, an ecologically relevant whole-organism trait, was recorded across 
temperatures and the parameters of individual curves were used to investigate the relationship 
between personality and performance within and among populations. Results indicated that the 
personality-performance relationship, when apparent, was opposite in direction to the 
outcomes of other studies investigating this relationship. That is, for the warm-origin 
population (Cape St Francis), shy individuals had faster and not slower fast-start speeds than 
bold individuals. Maximal speeds were also greater in shy individuals in both the warm and 
cold-origin populations. Some further complexity originated in some models in relation to mass 
and sex. Populations did not differ in thermal performance breadth, but warm-origin 
individuals had higher critical thermal maxima than cold-origin individuals and higher thermal 
optima than the intermediate population. The critical thermal minima also varied in line with 
the thermal regimes across populations suggesting adaptation of lower tolerance to local 
thermal conditions. Overall, complex and context-specific relationships between performance 
and personality and their relationship to thermal conditions were found. These findings suggest 
that a different set of fitness criteria play a role in this non-model organism and formulation of 
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current theoretical frameworks should incorporate causal processes driving 
performance/behaviour relationships in a variety of contexts and non-typical study organisms. 
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Opsomming 
Verskille in gedrag wat herhaalbaar is op die vlak van die individu kan beskou word as dier 
“persoonlikheids”-eienskappe. Inbesonder, kan persoonlikheidseienskappe 
(soosvrymoedigheid) risiko-soekende gedrag, ondersoekende gedrag en aggressie, kombineer 
met gepaardgaande fiksheid voordele en koste. Veelvuldige benaderings tot die bereiking van 
'n meganistiese begrip van hierdie eienskappe is voorgestel met wisselende vlakke van 
ondersteuning. Een prominente teoretiese raamwerk is dié van 'n gedrag-fisiologie-prestasie 
model, waarin persoonlikheidstipes 'n fisiologiese onderbou het en kan dus die hele-organisme 
prestasie beïnvloed. Termiese omstandighede kan verhoudings tussen gedrag en prestasie 
verbeter of verhinder as gevolg van die belangrikheid van temperatuur in ektoterm fisiologie. 
Hierdie studie het die bestaan van persoonlikheid en verhoudings tussen persoonlikheidstipe 
ondersoek, prestasie en temperatuur binne en tussen drie bevolkings van die mariene teleost 
Clinus superciliosus, versprei oor die deurlopende termiese gradiënt van die Suid-Afrikaanse 
kus. Gedragsproewe het getoon dat eienskappe herhaalbaar was beide binne en oor 
temperature. Mikroklimaat en historiese termiese data het getoon dat die Cape St Francis (Suid-
Oos kus) en Glentana (Suid-kus) lokaliteite soortgelyk in gemiddelde termiese omstandighede 
was maar dat Glentana minder veranderlik was, terwyl Hondeklipbaai (Weskus, koue-
oorsprong) baie kouer gemiddelde temperature as die ander twee plekke gehad het. Vinnige 
begin-prestasie, 'n ekologiese relevante hele-organisme eienskap, was opgeneem oor 
temperature en die grense van individuele kurwe was gebruik om die verhouding tussen 
persoonlikheid en prestasie te ondersoek in en tussen bevolkings. Resultate het aangedui dat 
die persoonlikheid-prestasie verhouding, wanneer duidelik, was in die teenoorgestelde rigting 
as die uitkomste van ander studies wat hierdie verhouding ondersoek het. Dit is, vir die warm-
oorsprong bevolking (Cape St Francis), skaam individue het vinniger en nie stadiger vininge-
begin spoed as dapper individue. Maksimale spoed was ook groter in skaam individue in beide 
die warm en koue-oorsprong bevolkings. Verdere kompleksiteit het in 'n paar modelle ontstaan 
met betrekking tot massa en geslag. Bevolkings het nie in termiese prestasie breedte verskil 
nie, maar warm-oorsprong individue het hoër kritieke termiese maksima as koue-oorsprong 
individue gehad en hoër termiese optima as die intermediêre bevolking gehad. Die kritieke 
termiese minima het ook gewissel in ooreenstemming met die termiese regulasies oor 
bevolkings, wat dui op 'n laer weerstand aanpassing teen plaaslike termiese kondisies. 
Oorhoofs, komplekse en konteks-spesifieke verhoudings tussen prestasie en persoonlikheid en 
hul verhouding tot termiese omstandighede is gevind. Die implikasies van hierdie verhoudings 
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wat verskil oor bevolkings stel verskeie geleenthede vir toekomstige werk voor en 'n behoefte 
aan versigtige ondersoek van 'n verskeidenheid van eienskappe oor bevolkings van fokus 
spesies. Hierdie bevindinge dui daarop dat 'n ander stel van fiksheid kriteria 'n rol speel in 
hierdie nie-model organisme en formulering van die huidige teoretiese raamwerke moet 
veroorsakende prosesse wat prestasie/gedrag verhoudings in 'n verskeidenheid kontekste en 
nie-tipiese studie organismes inkorporeer. 
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General Introduction 
Behavioural differences that are repeatable on an individual basis (and not randomly variable 
over multiple trials) can be considered as ‘personality’ traits (Wilson 1998, Sih et al. 2004, 
Careau et al. 2008), often referred to as temperament, behavioural syndromes or behavioural 
reaction norms when incorporating individual plasticity (Dingemanse et al. 2010, Budeav and 
Brown 2011). Personality traits are a source of intra- and inter-individual variation, which is 
the raw material upon which natural selection can take place. Furthermore, it is necessary to 
demonstrate the repeatability of a trait in order to assess if selection is possible on the trait of 
interest (Falconer and Mackay 1996, Bennett and Huey 1990, Careau and Garland 2012, Killen 
et al. 2016). Individuals can vary in morphological, physiological or behavioural traits within 
and between populations. This inter-individual variation in physiological and performance 
traits (e.g. metabolic rate and running speed) was traditionally seen as a source of error and 
“noise” in the data, but much of this variation is attributable to individuals having repeatable 
traits that can be selected for (Réale et al. 2007, Careau and Garland 2012). Although 
repeatability of performance traits is pervasive in the literature, consistent behavioural 
differences in individual animals are attracting the interest of a growing body of researchers 
(Careau et al. 2008, Dingemanse et al. 2010, Réale et al. 2010, Budeav and Brown 2011, Careau 
and Garland 2012, Mittelbach et al. 2014, Biro and Stamps 2015).  
The animal personality metric most often investigated is the “shy—bold” continuum owing to 
its clear selection/fitness and ecological applications (Wilson et al. 1993). Inter-individual 
differences can influence traits and performance in unexpected ways and animal personality is 
likely highly entangled with natural selection processes (Dingemanse and Réale 2005). In 
addition to the shy—bold axis, a related concept is the slow—fast continuum as a part of the 
pace of life syndrome. Correlations between “shy” personalities and a “slow” pace of life and 
between “bold” and “fast” traits have led to the integration of these concepts (Careau and 
Garland 2012). Thus higher activity levels, a greater tendency for exploration, higher metabolic 
rates and shorter times to maturity alongside a host of other general trends have been linked to 
a bold personality type (Biro and Stamps 2010, Réale et al. 2010). Since boldness is 
fundamentally a measure of risk-taking behaviour, bolder individuals tend to suffer higher 
predation rates as one drawback of this personality type (Ward et al. 2004). However, some 
authors have highlighted the context-dependency of these relationships and a lack of strict 
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consensus between existing empirical studies (Sih et al. 2004, Killen et al. 2016). Coleman and 
Wilson (1998) found that boldness and shyness measures were context-dependent in 
pumpkinseed sunfish, suggesting that it may be advantageous to have a bold or shy response 
to different situations and that a uniform personality response across contexts is potentially 
maladaptive. An uncoupling between boldness and aggression in certain threespine stickleback 
(Gasterosteus aculeatus) populations was found, wherein boldness and aggression were 
correlated within one population but not in another because of differing predation pressures 
(Bell 2005). In general, boldness, aggression and exploratory activity co-vary as a behavioural 
syndrome, with multiple examples in fish (Conrad et al. 2011). Boldness itself can have 
differing selective advantages and disadvantages depending on the biotic or abiotic 
environmental context. Huntingford et al. (2012) found that bolder individuals tend to fare 
better than shy conspecifics in simple, predictable habitats and perform worse in complex, 
unpredictable environments. In addition, the density of the populations studied had an effect 
on the success of different personality types: bold fish did better at high densities than did shy 
individuals (Huntingford et al. 2012). Similarly, aggressive, dominant (i.e. bold) individual 
trout had the highest growth rates in simple environments and lower growth rates in complex 
habitats (Höjesjö et al. 2004). However, recent work in brown trout has found that shy 
individuals had higher growth rates in the wild (Adriaenssens and Johnsson 2010), with authors 
suggesting that relationships between certain physiological traits and personality may be state-
dependent. A further consideration is possible sex-specific differences in personality, as found 
in a widespread skink species, with females being more social and more explorative than males 
(Michelangeli et al. 2016). It is thus possible that different selection pressures between sexes 
may result in divergent traits within the established behavioural syndrome of a species. 
Integration of performance, personality and thermal physiology 
Thermal physiological traits and thermoregulatory behaviour are likely to co-adapt as 
performance is maximised through their combined fitness benefits (Angilletta et al. 2002, 2006, 
Angilletta 2009). Because of this co-adaptive relationship between physiology and behaviour, 
inter-individual variation in related traits is likely to provide insights into larger scale 
evolutionary patterns. The primary linking factor between performance and personality is 
metabolic rate and its dependence and effects on physiological systems, which likewise varies 
with the boldness of an individual (see Fig. 1; Biro and Stamps 2010, Réale et al. 2010, Careau 
and Garland 2012). A number of studies highlight correlations between certain behavioural 
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syndromes and metabolic rate measurements (Careau et al. 2008, Biro and Stamps 2010, 
Careau and Garland 2012). Bolder individuals could therefore be expected to possess a suite 
of traits that would correlate with a fast pace-of-life and thus with a metabolism and physiology 
that promotes higher performance (Réale et al. 2010, Le Galliard et al. 2013). Relationships 
between behaviour and physiology can be moderated or enhanced by stressors such as 
temperature (Killen et al. 2013). At the extreme ends of the thermal envelope, behaviour can 
be inhibited for all individuals through metabolic rate and aerobic capacity limitations. If 
differences in metabolic capacity exist between individuals with different 
behavioural/personality types as predicted by theory, those with the most restricted aerobic 
scope will be affected greatest by thermal conditions (Killen et al. 2013). Small within-day 
variation in temperature can affect the activity of reef fish, with fish becoming bolder with an 
increase in temperature (Biro et al. 2010). A study of activity in wild perch found changes in 
behavioural variation between and within individuals with changes in temperature (Nakayama 
et al. 2016), suggesting a metabolic linkage of personality and temperature. Nakayama et al. 
(2016) also found a potential trade-off between growth and mortality across an environmental 
thermal gradient in wild perch, through the individual strategy of saving energy (lowering 
activity levels) or risking mortality through higher activity in order to gain energy (Wolf et al. 
2007), mediated by thermal effects on metabolism. 
The links between personality and metabolism may often present selective trade-offs (Biro and 
Stamps 2010, Careau and Garland 2012, Le Galliard et al. 2013). For example, bold individuals 
show an overall higher metabolic rate which allows more effective monopolisation of resources 
or higher levels of activity, but which may come at the cost of requiring higher food intake 
(Biro and Stamps 2010, Careau and Garland 2012). In fish, temperature tolerance is closely 
linked to metabolism through increased oxygen demand at increasing temperatures, making 
oxygen uptake a limiting factor of upper thermal tolerance (Pörtner et al. 2010). If bolder fish 
typically have a higher metabolic rate (Biro and Stamps 2010), their oxygen demand is 
expected to be higher, potentially leading to a lower thermal tolerance threshold by oxygen 
deprivation (Pörtner 2002). The bolder, more energetic fish may show higher performance at 
optimal temperatures, but experiences a steeper loss of performance as the upper thermal 
tolerance is approached. Bolder individuals therefore likely follow a performance response 
similar to the classic generalist-specialist trade-off: specialists have narrower tolerance but 
higher performance, while generalists are “jacks of all trades” but “masters of none” (Angilletta 
et al. 2002). However, bold individuals may have a greater overall body condition which 
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counteracts their increased predation risk (Luttbeg and Sih 2010, Dingemanse and Wolf 2010). 
Although theoretically the relationship between personality and performance is expected 
(according to theoretical frameworks delineated above and in Fig. 1), few studies have 
examined the association between performance and personality or lack thereof across multiple 
temperature conditions.  
 
 
Figure 1 Conceptual and functional links between fitness (i.e. lifetime reproductive fitness), behaviour 
(e.g. personality) and performance. Behaviour is confined within a performance space (delineating 
maximal performance) and the relationship between performance and behaviour is influenced by the 
ecological context, which in this study is represented by temperature. Individual behavioural traits 
(personality) may be modulated by the organism’s adaptation to an ecological context (i.e. temperature) 
and this will impact on an individual’s fitness in a given environment. Behaviour and performance can 
have indirect effects on fitness via the energy balance (energy costs and gain, here represented by 
metabolic energy balance) of the individual. The ecological context, here temperature, can also 
modulate the effect of behaviour on energy balance. Figure modified from Careau and Garland (2012). 
 
Model system and study location 
As ectothermic animals, fish are affected by the temperature of their immediate environment 
in their everyday activities and physiological functioning (Angilletta et al. 2002, Pörtner 2002, 
Somero 2011, Stitt et al. 2014). Predominant oceanic current systems and climatic patterns 
along shores typically form gradients of thermal conditions and often shape the evolution of 
temperature-related traits and distributions of intertidal species (Stillman 2002, Somero 2005, 
Pulgar et al. 2005). Across large spatial scales, these gradients often forge highly divergent 
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traits in ectothermic organisms, both intra- and interspecifically (Persson 1986, Huey and 
Stevenson 1979, Fangue et al. 2006). In particular, the highly variable and often unpredictable 
intertidal zone presents a major challenge to all forms of life (Somero 2002, Hernandez et al. 
2002, Pulgar et al. 2005, Kemp 2009). 
This study focuses on several populations of the endemic South African clinid Clinus 
superciliosus (up to 300mm SL; additional details on this species are given in Supplementary 
Materials). The distribution of this species encompasses the distinct thermal regimes of the 
West and South-East coasts of South Africa, which are dominated by the Benguela and Agulhas 
currents respectively (Lutjeharms et al. 2001, Branch et al. 2008). The West coast is 
characterised by cold upwellings driven by offshore winds, while the South-East coast is 
dominated by subtropical conditions brought southwards by the warm waters of the Agulhas 
current (Branch et al. 2008). Mean temperatures on the west coast range from 11 - 14°C 
seasonally but with higher intensity short-term fluctuations, while the east coast can vary 
between 18 - 27°C (Smit et al. 2013; see main section: Fig. 1 and 7; Table 2).  This system of 
currents and the wide distribution of the focal species across a thermal gradient thus present a 
valuable study system to investigate possible contrasts in thermal physiology and behaviour, 
from the population level to the within- and between-individual level of inquiry. 
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Personality, thermal performance and environmental context in Clinus superciliosus: an 
examination of intra- and inter-individual variation 
Introduction 
Boldness, defined as an animal personality type, is the behavioural propensity to engage in 
risky behaviour (Wilson et al. 1993, Wilson and Godin 2009) and has been linked to a host of 
characteristics such as a greater tendency for exploration, higher metabolic rate and shorter 
time to maturity (Biro and Stamps 2010, Réale et al. 2010). While there is typically a general 
alignment of different aspects of behaviour towards a more risk-averse (shy) or risk-seeking 
(bold) phenotype (Dingemanse and Réale 2005, Wilson and Godin 2009), the tendency of 
animals to show consistent suites of behavioural traits may vary to some extent among contexts. 
Boldness can have differing selective advantages and disadvantages depending on the biotic or 
abiotic environmental context. For example, Huntingford et al. (2012) found that bolder 
individuals tend to fare better than shy conspecifics in simple, predictable habitats but perform 
worse in complex, unpredictable environments. However, in general, we have little 
understanding of the relationships between personality and performance and how these 
relations vary depending on environmental context (but see Biro and Stamps 2008, Careau and 
Garland 2012). 
Bolder individuals are expected to possess a suite of traits that correlate with a fast pace-of-life 
and thus with a metabolism and physiology that promotes higher performance than shy 
individuals, at least at optimal temperatures (Réale et al. 2010, Le Galliard et al. 2013, Kern et 
al. 2016). Metabolism is linked to both personality and performance (Biro and Stamps 2010, 
Careau and Garland 2012). Although theoretically the relationship between personality and 
performance is expected, few studies have examined the association between the two across 
multiple temperature conditions. Biro et al. (2010) found that small changes in temperature 
resulted in measurable differences in boldness in reef fish. Cerqueira et al. (2016) explored the 
thermal preferences of proactive (i.e. bold) versus reactive (shy) Nile tilapia, finding that bold 
fish reliably chose warmer temperatures, while shy fish preferred colder temperatures. Thermal 
selection for optimal performance and personality relationships suggest an underlying 
physiology linked to personality types (Careau and Garland 2012). This in turn may affect the 
performance of these animals when confronted with sub-optimal temperatures; that is, we 
generally do not know if personality and thermal adaptation interactively affect performance.  
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Fast-start performance, applicable to most fish as the C-start response, is a common behaviour 
amongst teleosts. It is often the only meaningful locomotory performance metric for fish with 
body plans built for short-distance sprint swimming or which are not behaviourally inclined to 
swim against moving water (Domenici and Blake 1997, Marras et al. 2011). This is the case 
for the Blenniidae and clinids in general, having a compressiform body plan and not being 
suited for endurance swimming (Smith 1986). The C-start response itself is a reflexive 
movement mediated by Mauthner cells, important neurons in the decision-making process of 
most fish and amphibians (Korn and Faber 2005). Whole-animal metabolic capacity affects 
performance, including the primarily anaerobic fast-start response (Hubley et al. 1997, Garenc 
et al. 1999, Reidy et al. 2000, Ghalambor et al. 2003). Measuring the velocity and latency of 
this response can provide valuable knowledge of performance variation at different 
temperatures and hierarchical levels: individuals, populations or species. In lizards, escape 
performance was found to have a measurable effect on survival, while prey capture ability did 
not predict survival (Husak 2006). Predator escape performance is thus a useful fitness metric 
owing to its relationship to survival rates (Ghalambor et al. 2003, Walker et al. 2005). While 
the majority of current work investigating performance – personality relationships focus on 
aerobic measures of performance, the primarily anaerobic fast-start response is expected to 
reflect the general finding of increased performance in bolder individuals (Binder et al. 2016).  
This study focuses on the widely distributed southern African endemic clinid fish Clinus 
superciliosus. This species inhabits intertidal and subtidal environments from northern 
Namibia to the Kei River (Smith 1986). This wide distribution makes the species particularly 
interesting in terms of thermal physiology owing to the “natural laboratory” it inhabits: a near–
continuous distribution across markedly different ecological conditions related to the Agulhas 
and Benguela ocean currents influencing South African shores (Lutjeharms 2011, Smit et al. 
2013). Mean temperatures on the west coast range from 11 - 14°C seasonally but with higher 
intensity short-term fluctuations, while the east coast can vary between 18 - 27°C (Smit et al. 
2013). This system of currents has established a temperature gradient from West to East (Fig. 
1) and represents a unique study system in which the temperature dependence of physiological 
and behavioural traits can be investigated within a single species complex. The South African 
clinids’ extant distribution is a result of an array of physical habitat-altering events, including 
coastal expansion, retraction and glacial encroachment, forcing historical populations into 
refugia from which they have since radiated (Compton 2011, Toms et al. 2014, von der Heyden 
et al. 2010, Teske et al. 2011). Clinus superciliosus, owing to its viviparous reproductive 
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biology and near-shore habitat use, is likely to experience localised adaptation to distinct 
climatic regimes through a lack of strong gene flow (von der Heyden et al. 2011, Teske et al. 
2011, Holleman et al. 2012). Temperature has pervasive effects on ectotherm physiology, and 
thus the thermal tolerance and range, swimming performance and metabolic phenotypes are 
often adapted to local conditions in these organisms (Garland and Adolph 1991, Cano and 
Nicieza 2006, Sorte et al 2011). Given that C. superciliosus likely experiences strong pressures 
for local adaptation, especially differing thermal conditions, this species is ideal for testing the 
effects of personality on performance and investigate if this relationship varies in different 
adaptive thermal regimes. The following questions are examined:  
1. Are behavioural traits repeatable in this species (i.e. can they be considered personality 
traits, sensu Réale et al. 2007) and does repeatability change with temperature in the 
short term (i.e. is personality plastic)?  
Prediction: behavioural traits should be repeatable over time, both in short-term 
measurements of a behavioural trait, and after a longer period has elapsed. The 
repeatability of behavioural traits should not be temperature-dependent, with 
individuals maintaining a similar suite of behavioural traits at multiple 
temperatures. However, it is plausible that personality shifts at the population 
level, with animals varying similarly in levels of boldness or shyness with 
changes in temperature, sensu Biro et al. (2010) (Fig 2i). Recent research also 
suggests that activity levels (a dimension of personality) may increase in 
variability at higher temperatures (Nakayama et al. 2016).  
 
2. Does personality explain performance within populations and are there trade-offs in the 
performance of bold and shy individuals?  
Prediction: a likely scenario would be that bold fish tend to have greater 
performance at optimal temperatures but lower temperature tolerance range 
than shy fish (owing to a higher metabolic rate). In this scenario, bold fish 
experience a trade-off between performance and ability to withstand 
fluctuations beyond the usual temperature range, as predicted in the pace-of-life 
model (Fig. 2 ii).  
 
3. Are performance-personality relationships, if any, maintained across a geographical 
thermal gradient (long-term adaptation)?   
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a. Prediction: If personality types (or reaction norms) are associated with 
particular performance curves (or reaction norms), and assuming thermal 
adaptation of physiology to the environment, there may be a selective advantage 
to certain personalities depending on site of origin, thereby maintaining distinct 
behavioural types as life strategies. For this reason, I expect to find contrasts in 
the relationships between personality and performance between warm- and 
cold-origin populations (i.e. significant interaction between Population and 
Personality). A possible scenario is illustrated in Fig. 3. 
 
  
Figure 1: Map illustrating differences in sea surface temperature conditions driven by predominant 
oceanic currents off the South African coastline. Sampling localities are indicated by stars. Image credit: 
NASA/JPL-Caltech (http://mur.jpl.nasa.gov/images_global.php). 
  
Hondeklip Bay 
Glentana 
Cape St Francis 
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Figure 2 i) A possible scenario in the event that boldness is repeatable over time or temperature 
conditions, as would be expected if individual personalities persist between contexts. a, b and c indicate 
separate individuals. ii) Example scenario in which personality interacts with performance. Curve a 
(solid line) is the reaction norm of the sampled population. Curve b (dot-dash line) represents the 
reaction norm of the bold individuals, in this example, they have undergone a specialisation to a high 
temperature while the shy subset c (dashed line) have lower performance but have a wider performance 
breadth. This scenario could arise if the metabolic rates of bold and shy individuals differ and trade-
offs in terms of higher metabolic rates, with a corresponding narrower performance breadth, occurs in 
bold individuals.  
  
(ii) (i) 
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Figure 3: A scenario illustrating potential relationships between performance and personality 
rank (lower values = bolder) between populations from differing thermal conditions 
(Hondeklip ‘cold’, Glentana ‘intermediate’, Cape St Francis ‘warm’) and tested at 12, 18 and 
26°C, representative of collection site temperatures. Predictions follow an energetics-based 
theory of performance and personality (Careau and Garland 2012) and I incorporated three 
expectations: (i) bolder individuals will perform better than shy individuals at all temperatures 
and locations, (ii) cold (or intermediate/warm) adapted individuals should perform better than 
the other thermal regime individuals at cold (or intermediate/warm, respectively) test 
temperatures (e.g. beneficial acclimation hypothesis), (iii) individuals that are best adapted to 
the test temperature have a more significant relationship between performance and personality. 
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Methods and materials 
Holding and acclimation 
Fish were collected from the intertidal and subtidal zones of Hondeklip Bay (west coast, n=24), 
Glentana (south coast, n=22) and Cape St Francis (south-east coast, n=27). These locations are 
within the geographical distribution of the main Clinus superciliosus lineage while avoiding 
areas where highly divergent signals have been detected (von der Heyden et al. 2011). The 
taxonomic complexity of C. superciliosus may influence putative intra-specific differences, 
and thus I work here under the assumption that the investigated localities constitute populations 
of the major C. superciliosus clade (Holleman et al. 2012). Fish were captured using hand lines 
(with de-barbed hooks) and hand netting aided by use of diluted clove oil anaesthetic 
(following the guidelines of Griffiths 2000). Fish were placed in large plastic containers during 
transport to Stellenbosch University (4.5 – 8hrs transport time), with partial water changes 
during transport to avoid possible waste product and stress hormone accumulation. Battery-
powered air pumps (D-200, Guangdong Boyu Group Co. Ltd., China) oxygenated the water 
inside the container. 
Fish were housed in filtered aquaria (600 x 300 x 300mm) held at 18°C based on an 
intermediate temperature between mean west coast temperatures of ~13°C and east coast of 
~25°C (Smit et al. 2013) and a temperature range of 16.7 – 21.1°C for C. superciliosus (Ocean 
Biogeographic Information System (OBIS), www.iobis.org). The photoperiod was maintained 
at 12h: 12h (light: dark). Salinity was maintained at 35±2ppt (mean ± SE), matching field sites 
and reflected observed salinity levels for this taxon (OBIS, www.iobis.org). Water changes (20 
– 40%) were made every second day with artificial seawater (Seachem® Reef Salt). Waste 
products were removed during water changes and cleaning of filter media every 1-2 weeks. 
Nitrate, nitrite, ammonia and pH levels were monitored bi-weekly using aquarium water 
chemical test kits (Sera GmbH, Heinsberg, Germany). Fish were sexed using morphological 
traits including the size of the dorsal crest and genital pore morphology (Penrith 1969, 
Holleman et al. 2012). Less than 15 individuals were housed per aquarium, with populations 
of different origin in separate aquaria. As clinids frequent rocks and crevices, rock shelters 
were provided in the holding tanks to encourage normal behaviours in captivity. Individual 
photographs were taken for later identification using individual markings, morphological 
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characters and size differences. Experimental animals were fed daily ad libitum on a mixture 
of frozen brine shrimp (Artemia), krill and chopped mussel. Fish were fed during a 2-week 
acclimation period before trials began, but were deprived of food for 24h preceding trials to 
avoid variation in post-feeding effects (Bennett and Beitinger 1997, Eme and Bennett 2009, 
Vinagre 2013). Body mass was recorded every two weeks throughout the study period 
(analytical balance ±0.001g, ML303, Mettler Toledo International). Fish were collected with 
permission granted via the Department of Agriculture, Forestry and Fisheries permits 
RES2014/37 and RES2015/26. Fish were maintained in compliance with the guidelines of the 
Research Ethics Committee: Animal Care and Use, protocol SU-ACUD14-00061, following 
the South African National Standards 10386: 2008. Fish were euthanised following accepted 
practices in accordance with the above ethical guidelines following the conclusion of 
experimental trials.  
Temperature loggers (Thermochron iButtons, DS1922L, Maxim Integrated Products Inc., 
Sunnydale, CA; temperature resolution ~0.5°C) were deployed in representative microsites to 
provide long-term in-situ 30min data on temperature for each sampling location. Loggers were 
placed in sites where fish were collected and were chosen to have constant submersion (placed 
at spring low tide) and a high level of rock cover for protection from wave action. Loggers 
were coated with melted candlewax and two coatings of Performix Plasti Dip rubber aerosol 
spray (Plasti Dip International, Blaine, MN) to provide waterproofing and then placed into 
cylindrical PVC capsules (100 x 30mm) closed at the ends by irrigation stoppers. Plasti Dip 
coating has a negligible effect on the accuracy of temperature readings (Roznik and Alford 
2012). Holes were drilled into the PVC capsule to allow water to ingress and improve 
temperature readings. The capsules were then secured to stainless steel hangers bolted to a 
cement slab (200 x 200 x 50mm). Ten loggers were deployed to each study location (two 
iButtons in each of five cement slabs) and slabs were deployed at least 150 - 200m apart. 
Geographical coordinates were recorded and landmark photographs were taken in order to 
relocate slabs 8 - 11 months post-deployment. Due to malfunctioning or loss of loggers, only 
3 iButtons were intact in Cape St Francis, while a single iButton was functional in Glentana 
and Hondeklip Bay.  
To supplement the microsite temperature recordings, long-term seawater temperature data 
recorded as part of the Western Indian Ocean Coastal Observing System (WIOCOS, provided 
by the Department of Environmental Affairs; branch: Oceans and Coasts). For Glentana, the 
data were taken from Mossel Bay, the closest available site (~21km West: 34° 10' 36.1" S, 22° 
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8' 46.7" E), at a depth of 8m and running from July 1991 to October 2011. Data for Cape St 
Francis were taken from the same area (Mostert’s Hoek: 34° 11' 50.3" S, 24° 46' 27.5" E, within 
Cape St Francis), at a depth of 4m and running from January 1992 until November 2009. Data 
for Hondeklip Bay were taken from Port Nolloth (~125km North, 29° 15' 51.1" S, 16° 52' 9.1" 
E) at a depth of 5m over the period February 1991 to February 2000. 
 
 
Determination of personality traits 
Personality trials were performed to identify bold and shy individuals based on consistently 
repeatable behaviours. Emergence from shelter (Magnhagen et al. 2014), activity in a novel 
environment (Magnhagen et al. 2014, Wilson and Godin 2009), and aggressive interactions 
(involving potential metabolic costs, physical damage or increased conspicuousness to 
potential predators) can all be defined as risk-taking behaviour and thus form part of a boldness-
aggression-activity syndrome (Castro et al. 2006, Ros et al. 2006, Conrad et al. 2011, Briffa et 
al. 2015). As not all tests of boldness in fish are applicable to all species (Burns 2008), pilot 
trials were performed to assess the most repeatable measures of boldness as recommended by 
Beckmann and Biro (2013). All trials were performed in a custom-designed double-jacketed 
Perspex aquarium (730 x 380 x 200mm) filled with seawater to 5cm depth to limit vertical 
swimming (following Garenc et al. 1999). Temperature control was maintained by means of a 
water bath (LTC12-50RS, Grant Instruments, Cambridge, UK) circulating water through the 
jacketed compartment. 
First, the “open field” test consisted of a single fish released into a novel unstructured 
laboratory environment and its activity levels and behaviour were recorded (Magnhagen et al. 
2014).  Fish were released singly into a central ‘demarcated’ zone (260 x 250mm) within an 
open-field experimental arena (380 x 370mm, see figure S1 in Supplementary Materials) that 
had a 10mm-spaced grid at the bottom, and fish were allowed to move freely for five minutes. 
Trials were recorded using a camera (PowerShot G16, Canon Inc., Tokyo, Japan, 1920x1080 
resolution at 30 frames per second) mounted above the arena on a tripod. Trials were repeated 
three times per individual per temperature (12, 18 and 26°C), with at least 24 h between 
replicated trials for each individual. The distance moved in cm and number of visits to the 
central zone was recorded. A greater distance moved and a higher number of visits to central 
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zones are indicators of higher boldness. Shyer fish should “freeze” and cease movement more 
frequently, while also staying close to the perceived safety of the edges of the arena (Burns 
2008, Magnhagen et al. 2014). Individual distance travelled was obtained by use of MaxTRAQ 
2D motion analysis software (version 2.5.2.1, Innovision Systems Inc., Michigan). For every 
open-field trial, fish were tracked using the autotracking feature of the software, with the centre 
of mass of each fish being used as the reference point. The distance covered was calibrated for 
each trial using the 10mm grid, eliminating any discrepancies between trials. XY coordinate 
positional data were used to calculate distance covered. In addition, a graphical output of the 
movement track over the course of the trial was utilized to identify the number of crossings 
through the central zone of the open-field arena. 
As a second measure of boldness, the time taken to emerge from a shelter (a rock cave structure 
mimicking that found in the natural environment) following a “predator” stimulus (rapidly 
dipping the handle of a net into the water following Biro et al. 2010) was recorded. The time 
taken for the head (from the mouth to the anterior of the eye) to become visible was recorded 
as snout emergence time in seconds, while the movement of the fishes’ entire body (including 
the caudal fin) out of the cave structure was classified as full emergence. In addition, the latency 
between snout emergence and full emergence was regarded as hesitancy. Fish that had lower 
snout and full emergence time and hesitancy to emerge from the shelter were regarded as 
bolder. Fish that did not exit the shelter within 10 minutes were assigned the maximum value 
of 600 seconds. Trials were repeated three times per individual per temperature as for the open 
field test. 
Third, aggression trials were undertaken by presenting a mirror (150 x 110mm) to fish and 
recording the number of aggression displays. I chose this method rather than the presentation 
of a conspecific in a transparent container (Biro et al. 2010) as the latter did not elicit any 
responses in pilot trials. Aggression displays included flaring of the mouth and operculum as 
well as lateral body undulations, in addition to biting attempts (CJ Broom pers. obs.). 
Furthermore, the latency until interaction with or rapid deliberate movement towards the mirror 
was recorded.  A greater number of displays and a shorter latency to approach indicate more 
aggressive individuals. These trials were repeated three times per temperature treatment as in 
previous personality trials. 
In order to ensure that repeatability and scores were consistent in the longer term (Biro and 
Stamps 2015), several behavioural trials (snout emergence, distance covered during open field 
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trials and latency to approach the mirror in aggression trials) were repeated at 18°C with the 
two boldest, two intermediate, and two most shy representative individuals from each 
population, nine months after the initial trials took place. Methods followed the original trials 
and the resulting scores were compared to the original ranking to determine if any major change 
in repeatability and classification between formerly bold, intermediate or shy individuals had 
occurred. 
 
Fast-start performance trials 
Individual fish were released into a temperature controlled double-jacketed Perspex arena filled 
with ~5cm depth seawater (following Garenc et al. 1999) that comprised a 10mm-spaced grid 
as the arena floor and as described for the personality trials. Seawater in the arena was warmed 
or cooled to one of a set of predetermined temperatures (20, 16, 12, 24 and 28°C); this order 
was chosen to reduce time in between temperatures while ensuring that the highest 
temperatures were experienced last to prevent heat-hardening effects. Temperatures were based 
on known local thermal characteristics (Smit et al. 2013 and in-situ thermal logger data). Trials 
were performed three times per individual per test temperature (three replicates of five 
temperatures) with each individual experiencing one trial per day. Each fish was gradually 
introduced to the test temperature and allowed to habituate to the conditions for five minutes 
prior to trials.  A stimulus in the form of a green plastic tube dropped vertically into the water 
above the fish was then used to elicit a fast-start response. The fish was subsequently returned 
to acclimation conditions. The video recording of the trial (Canon PowerShot G16, 640x480 
resolution at 240 frames per second) was analysed by Kinovea motion analysis software 
(version 0.8.15, Kinovea, France) to estimate the velocity (mm.s-1) of the first 100ms of 
movement and the latency (in milliseconds, time taken between stimulus initiation and the start 
of movement) of the fishes’ response.  
Raw fast-start velocity results from performance trials were utilised to construct performance 
curves using TableCurve 2D (version 5.01, SYSTAT Software, Inc., San Jose, CA), following 
Logan et al. (2013) and Lachenicht et al. (2010). Both maximal (based on the maximum 
velocity per temperature treatment) and average (using all three replicates per temperature 
treatment) performance curves were fitted with individual CTmin and CTmax included as the 
upper and lower temperature limiting performance. A set of asymmetrical biologically-relevant 
equations were used to fit the performance data. Fitted equations were compared using ΔAICc 
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to select a single best–fit equation for each individual. If the equation fits were not statistically 
different based on ΔAICc, lower order (i.e. fewer parameters) equations were used. Most 
performance curves could be fitted by 3rd or 4th-order polynomials (~60% 3rd-order, ~40% 4th-
order). Once an equation was selected, the Umax (maximal performance at the peak of the 
curve), Topt (temperature at which Umax was obtained) and the B80 (the temperature range 
that describes 80% of the performance breadth; Stevenson et al. 1985, Logan et al. 2013) were 
extracted from the best-fit curve. 
Critical temperature trials 
Individual fish were placed in a covered container holding aerated seawater suspended in a 
thermal bath (LTC12-50RS, Grant Instruments, Cambridge, UK). Two fish in separate 
containers were exposed to ramping temperatures simultaneously. Temperature within the 
container was recorded using a Thermochron DS1922L iButton temperature logger placed 
within a watertight capsule and temperatures verified using an electronic thermometer 
(MT6322, Major Tech, Johannesburg, South Africa). The seawater was equilibrated to the 
water bath’s pre-set temperature of 18°C and the salinity and dissolved oxygen levels were 
recorded using a hand-held salinity meter (Model 30M, YSI Inc., Yellow Springs, OH) and 
oxygen meter (DO-5510, Lutron Electronics Co. Inc., Coopersburg, PA). The apparatus was 
then programmed to increase or decrease water temperatures at a rate of ~0.3°C/min (Beitinger 
et al. 2000) until the endpoint was observed (loss of righting response, for both CTmin and 
CTmax). Loss of equilibrium (righting response) was characterised by a fish ceasing movement 
and either inverting completely or lying on one side. The endpoint was confirmed by attempting 
to place the fish upright using the handle of a net when equilibrium appeared to be lost. If the 
fish was able to resume coordinated movement and right itself, it was considered not to have 
reached the thermal endpoint and was closely monitored until equilibrium and coordinated 
movement could not be regained (Beitinger et al. 2000). Fish were then rapidly transferred 
back to the acclimation temperature in a temporary recovery container before reintroduction to 
the holding aquaria. Fish appeared to be fully recovered (normal movements in aquaria, pre-
trial colouration returns, and feeding resumes) within an hour of trial termination (CJ Broom 
pers. obs.). The CTmin and then CTmax trials were carried out after all the behavioural and 
performance traits were measured to prevent potential heat hardening effects on these traits.  
 
Statistical analyses 
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Repeatability of behavioural traits was calculated using the intra-class correlation coefficient 
(ICC), which gives the proportion of the total variance that is explained by the variance between 
repeated measures within groups (i.e. the repeated measurements of traits on an  individual) 
compared to between groups (i.e. across individuals) (Nakagawa and Schielzeth 2010, Wolak 
et al. 2012). The ICC is calculated as follows: 
𝐼𝐶𝐶 =
𝑆2𝐴
𝑆2𝐴 + 𝑆2𝑊
 
where 𝑆2𝐴 is the variance between groups and 𝑆
2
𝑊 is the variance within groups. Repeatability 
(R) was calculated using the “ANOVA” method based on the original work by Lessells and 
Boag (1987, Nakagawa and Schielzeth 2010) using the R package rptR (Schielzeth and 
Nakagawa 2013). This method was used to maximise the comparability of these results with 
other studies. 
The repeatability of measured traits from open field (distance moved, number of visits to 
central zone), emergence (latency until snout and full emergence, hesitancy) and aggression 
trials (number of aggressive displays and latency of approach) was calculated for each 
temperature treatment per trait for all populations. Three variables representative of all three 
trial types (exploration, emergence and aggression) were selected based on the highest 
repeatability scores. These variables were used to create a composite boldness score for 
subsequent analyses. The composite score was constructed by converting the raw values from 
the three most repeatable variables to a Z-score for standardisation and to avoid stronger 
weighting of any one score. Approaches using standardised scores of multiple behaviours and 
across-context comparisons to characterise personality have been utilised in studies of animal 
personality (White et al. 2013, Magnhagen et al. 2014). The Z-score values for snout 
emergence time and latency to approach the mirror were multiplied by -1 for personality 
variables that were negatively related to boldness (e.g. lower emergence from refuge equals 
higher boldness). The three Z-scores for each individual were then summed, creating a single 
boldness score for each individual. Finally, the individual boldness scores were ranked with 
low ranks indicating bolder individuals at each experimental temperature. Personality ranks 
were compiled for each population at 12, 18 and 26°C. These personality ranks, established at 
different test temperatures, were utilised in statistical models to characterise performance and 
personality relationships across temperatures. Ranks were highly correlated across 
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temperatures (see Table S2) and therefore, most statistical models used personality ranks at 
18°C. 
A principal components analysis (PCA) was used to reduce the number of variables in 
determining personality rank and identify the most important variables in terms of variance 
explained. The PCA used the variables snout emergence time, full emergence time, distance 
covered in open field trials, visits to the central zone, the number of aggressive displays to the 
mirror in aggression trials as well as the latency to approach the mirror. Individual masses and 
population origin were included as continuous and qualitative variables respectively. All 
variables were scaled to unit variance to avoid bias as a result of differences in raw 
measurement units. PCA was conducted using package “FactoMineR” (Le et al. 2008) with 
“factoextra” (Kassambara and Mundt 2016) for supporting graphical functions. For this 
analysis, the average of the three repeats of behavioural trials at 18°C (acclimation temperature) 
was taken for each individual to avoid pseudoreplication. A K-means cluster analysis following 
PCA was utilised to compare the grouping of individuals against the ranking system based on 
standardised boldness scores, allowing assessment of whether individual scores aligned with a 
rank-based bold and shy grouping. The number of clusters for inclusion was determined to be 
2-3 based on a plot of within group sums of squares against number of clusters. K-means 
clustering was set to use nstart = 25 and iter.max = 1000 (25 starting configurations with a 
maximum of 1000 iterations). Differences in personality z-scores at 12, 18 and 26°C between 
populations were also assessed using general linear models with body mass and sex as 
covariates. In these analyses, I used scores (rather than ranks) because the differences in 
original personality data are of interest as they may reflect different magnitudes of personality. 
Mass differences among and within populations were assessed using general linear models 
(GLMs) with population origin (for among-population tests), personality rank at 18°C and sex 
(and all interactions) as predictors. General linear models were used to assess the relationships 
of performance parameters (TBR: the thermal tolerance breadth calculated as CTmax minus 
CTmin), Topt, B80 and Umax) with personality rank (at 18°C), mass and sex for each 
population separately. Individual mass was treated as a covariate. In addition, GLMs were used 
to examine the relationship between fast-start speed and personality rank for each population 
and experimental temperature (12, 18 or 26°C) separately. Fast-start speeds at 12, 18 and 26°C 
were extracted from individual performance curves. Full models for each performance 
parameter including all possible interactions were constructed and minimum adequate models 
were obtained by following an information-theoretic approach using Akaike’s information 
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criterion (AIC). Models with ΔAIC <2 were considered as likely alternative models (Burnham 
and Anderson 2001). Model assumptions were checked through use of graphical plotting of 
standardised residuals against fitted values, normal Q-Q plots, scale-location and residuals 
versus leverage plots using the “lm” function in R. Variance-covariance structures were used 
for different levels of fixed effects in generalised least squares (“gls” from package nlme; 
Pinheiro et al. 2016) models when appropriate, following Zuur et al. (2009). Maximum 
likelihood estimates were used to allow model comparison based on likelihood ratios. Graphics 
were generated using “ggplot2” (Wickham 2009), “gplots” (Warnes et al. 2016), “sjPlot” 
(Lüdecke 2016) and “lattice” (Sarkar 2008).  
To test for the effects of personality rank and its potential interaction with population origin on 
performance curve parameters, similar models to the within-population section were carried 
out with personality rank at 18°C, population, mass and sex (and all interactions) included as 
predictors in the full models prior to obtaining minimal adequate models.  
All analyses were performed using R (ver. 3.3.0; R Core Team 2016). Best models for both 
within and among-population analyses were visually investigated using the “phia” package (De 
Rosario-Martinez 2015) for post-hoc interactions analysis. Comparisons on a per-factor level 
were facilitated using the “interactionMeans” function of package “phia”, in addition to 
standard post-hoc tests. In addition, plots from the package “effects” (Fox 2003) were used to 
visualise higher-level interactions. Data are presented as mean±SE unless otherwise noted. 
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Results 
Repeatability of personality traits 
The most repeatable traits measured were snout emergence, distance moved and latency to 
approach the mirror (Table 1). These three traits were significantly repeatable in every 
population and temperature treatment. Each of these traits represent one of the three 
behavioural trial types (emergence, open field and aggression).  Full emergence repeatability 
reflected snout emergence for the most part, but was not strongly repeatable at 18°C in 
Glentana (R = 0.241, p = 0.055). Emergence hesitancy (time between snout emergence and full 
emergence) was the least repeatable trait across temperature treatments and populations, being 
significantly repeatable only in Hondeklip Bay 18°C and 26°C (R = 0.301, p = 0.008 and R = 
0.525, p < 0.001 respectively) and Cape St Francis 26°C (R = 0.313, p = 0.004). Aggressive 
displays to the mirror were repeatable for most treatments and contexts, but the 12°C results 
for Hondeklip Bay and Glentana had particularly low repeatability (R ≤ 0.187, p >0.05). 
Likewise, visits to the centre of the open-field arena were repeatable for most contexts except 
in Glentana fish at 12°C (R = 0.226, p = 0.066).  Long-term repeatability was found to be high 
for the tested subset of individuals, with the lowest R-value being 0.73 (snout emergence time 
of the Cape St Francis individuals) and all results were significantly repeatable (Table S1). 
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Table 1: Repeatability (R) values for Hondeklip Bay (west coast), Glentana (south coast) and Cape St 
Francis (east coast) personality trials. Bold values indicate significant repeatability (with α = 0.05). 
Snout emergence time, distance travelled and latency to approach the mirror in aggression trials were 
the most repeatable, with high repeatability at all test temperatures. 
 
 Full emergence 
Snout 
emergence 
Emergence 
hesitancy 
Open field 
(distance 
moved) 
Open field 
(visits to centre) 
Aggression 
(displays) 
Aggression 
(latency to 
approach) 
Hondeklip Bay 
12°C 0.614 0.567 0.254 0.608 0.566 -0.015 0.613 
18°C 0.513 0.606 0.301 0.708 0.529 0.55 0.588 
26°C 0.659 0.594 0.525 0.523 0.609 0.431 0.54 
Glentana 
12°C 0.603 0.601 0.202 0.507 0.226 0.187 0.911 
18°C 0.241 0.375 0.118 0.474 0.468 0.655 0.864 
26°C 0.278 0.321 0.092 0.696 0.444 0.282 0.748 
Cape St Francis 
12°C 0.775 0.754 0.042 0.805 0.381 0.75 0.921 
18°C 0.424 0.478 0.091 0.764 0.694 0.719 0.84 
26°C 0.688 0.621 0.313 0.811 0.818 0.544 0.772 
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The PCA indicated that the variables snout emergence, full emergence, latency to approach and 
distance covered were the most important to retain, explaining ~63% of the total variance over 
principal components 1 (43.83%) and 2 (19.10%, see Fig. 4). The decision to retain these 
variables is further indicated by the use of a contributions bar plot (see Supplementary Materials 
Fig. S2). Full emergence and snout emergence loaded close together and in an inverse plane to 
distance moved and visits to the central zone (Fig. 4), which could be explained by the fact that 
higher emergence times are expected to correspond to lower distances travelled and fewer visits 
to the central zone if they are measuring boldness. Snout emergence and distance travelled 
should be retained as they were the most important of these four variables. Latency to approach 
the mirror and aggressive displays were in inverse planes to one another because of the expected 
situation that a longer latency to approach would likely also lead to fewer aggressive displays. 
Of these two aggression variables, latency to approach was more important. The choice of 
variables used to construct the personality ranking system is thus supported by the principal 
components analysis, finding the same variables to be most useful in terms of explained 
variance in addition to being the most repeatable. 
The k-means cluster analysis yielded clusters that corresponded closely to a median-based 
separation of bold and shy individuals in the three populations based on personality rank (Fig. 
5). For Hondeklip Bay, out of 24 individuals with a bold-shy separation between the 12th and 
13th individual based on the median rank value, the cluster analysis shifted the bold-shy divide 
to the 14th/15th individual (i.e. two shy individuals based on median rank value were classified 
as bold based on cluster analysis); for Glentana, the divide shifted from the 11th/12th to the 
10th/11th (one bold individual classified as shy) and in Cape St Francis, it shifted from the 
13th/14th to the 16th/17th individual (three shy individuals classified as bold). Thus six out of 73 
individuals shifted in classification depending on the approach used. These results indicate 
congruence between the two approaches and support the usage of personality rank as a 
continuous variable to reflect the gradient in bold/shy personalities. 33 (~45% of total sample) 
individuals were classified as shy while 40 (~55%) were classified as bold using the cluster 
analysis method.  
Linear models of personality scores measured at different test temperatures revealed that 
relationships between personality score and mass differed between populations but were not 
affected by test temperature (12°C: F(6, 66): 3.996, adj. R2 = 0.20, p = 0.002; 18°C: F(6, 66): 
2.345, adj. R2 = 0.10, p = 0.041; 26°C: F(6, 66): 3.293, adj. R2 = 0.16, p= 0.007; Fig. 6). 
Personality score (and thus boldness) increased with increasing mass in Cape St Francis 
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(population x mass interaction, β = 0.06±0.02, p = 0.047) but decreased strongly with 
increasing mass in Hondeklip Bay (β = -0.12±0.03, p <0.001) and decreased with increasing 
mass with a shallower slope in Glentana (β = -0.056, p = 0.057) (Fig. 6). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: PCA loadings map for the first two principal components explaining personality trait 
variation. A variable’s relative importance is illustrated by the colour coded legend using cos2 
values. 
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Figure 5: k-means cluster analysis plots of individuals on principal component axes. PC1 and PC2 
correspond to an overall boldness-shyness continuum, with the two identified clusters conforming 
strongly to personality rank. Black dots represent “shy” individuals (cluster 1), while red dots indicate 
“bold” individuals (cluster 2). 
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Figure 6: Relationships between standardised personality score (higher values indicate higher boldness) 
and body mass for each population. This relationship maintained similar slopes across temperature 
treatments when evaluating personality scores, and thus scores from all three temperatures (12, 18 and 
26°C) are presented.  
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Temperature regimes 
Mean microsite temperatures were similar between Cape St Francis and Glentana while 
Hondeklip Bay’s temperature was lower (Table 2; Fig. 7). Microsite temperatures were also 
more variable in Cape St Francis and Hondeklip Bay than Glentana but this may be explained 
by the lack of data during the summer months in Glentana. Hondeklip Bay had the highest 
maximum and the lowest mean temperature. 
Long-term temperature data (Table 2) taken at depths of 4 – 8 m mostly reflects the deeper 
subtidal temperatures that may influence C. superciliosus during high tide, while the collected 
microsite data is taken from rock pools accessible at spring low tide, which are likely to 
experience more extreme maximum temperatures owing to solar radiation (Fig. 7).  
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Table 2: Microsite temperature summary for Cape St Francis, Glentana and Hondeklip Bay. Long-term in-situ data was taken from the closest available sites: 
Mostert’s Hoek 1995 – 2009 (Cape St Francis), Mossel Bay 1991 - 2011 (Glentana) and Port Nolloth 1992 - 2000 (Hondeklip Bay). Long-term data source: 
Department of Environmental Affairs; Branch: Oceans and Coasts (http://www.cfoo.co.za). 
 
 
 
Location 
Time 
period 
Mean ± SD 
(°C) 
Coef. of 
variation 
Minimum 
(°C) 
Maximum 
(°C) 
Thermal 
range (°C) 
Long-
term  
Mean ± 
SD (°C) 
Long-
term  
Min (°C) 
Long-
term 
Max (°C) 
Cape St 
Francis 
Nov 2014 
– Oct 
2015 
16.4±2.3 0.14 9.6 23.7 14.1 16.9±2.4 8.7 23.6 
Glentana 
Mar 2015 
– Oct 
2015 
16.3±1.2 0.07 12.6 21.2 8.5 18.0±2.4 9.9 24.8 
Hondeklip 
Bay 
Nov 2014 
– Oct 
2015 
12.4±1.9 0.16 8.1 24.1 16 11.9±1.4 9.3 21.2 
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Figure 7: Microsite temperature profiles in study sites. Summer months (November – February) show greater variability, with autumn and winter months 
showing smaller thermal ranges. Boxplots indicate the median (bold horizontal lines), first and third quartiles and extreme values (whiskers). Outliers are shown 
by black circles. Hondeklip Bay measurements started 2014/11/05 at 09:00 and ended 2015/10/12 16:00. Cape St Francis measurements started 2014/11/23 at 
11:00 and ended 2015/10/30 18:30. Glentana measurements started 2015/03/19 at 09:30 and ended 2015/10/28 at 09:30:00. 
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Performance curve parameters – within populations 
In Cape St Francis, shyer individuals had greater body mass than bold individuals (F(2, 24): 
2.96, adj. R2 = 0.13, p = 0.071, personality rank β = -1.18, t(24) = -2.11, p = 0.045) but in 
Hondeklip Bay, body mass increased with boldness (F(2, 21): 3.82, adj. R2 = 0.20, p = 0.038, 
personality rank β  = 1.25, t(21) = 2.75,  p = 0.012). There was no relationship between mass 
and personality rank for individuals from Glentana (F(2, 19): 1.455, adj. R2 = 0.26, p = 0.042, 
personality rank: β = 0.92, t(19) = 1.11, p = 0.279). There were no significant differences in 
body mass between sexes in any population. 
Personality rank (at 18°C), sex and mass did not explain variation in CTmax, TBR, Topt or B80 
in any of the three locations. However, Umax was affected by personality rank in the Hondeklip 
Bay and Cape St Francis populations (Fig. 8). In Cape St Francis, shyer individuals had higher 
Umax (higher rank; β = 19.80±7.42, t(22) = 2.67, p = 0.014; Fig. 8). Shyer individuals also had 
greater body mass (β = 11.85±5.39, t(22) = -2.20, p = 0.039). In Hondeklip Bay, shyer 
individuals performed better than bold individuals (β = 21.94±10.23, t(20) = 2.14, p = 0.045; 
Fig. 8). In the Glentana population, however, none of the variables explained the per-individual 
Umax response. For males from Hondeklip Bay, shyer individuals had lower CTmin (β = -
0.002, t(16) = -2.40, p = 0.029; overall model: F(7, 16) = 2.462, adj. R2 = 0.31, p = 0.064; Fig. 
9). 
In Hondeklip Bay, there was no association between fast-start speed and personality rank at any 
experimental temperature (12, 18 or 26°C, Fig. 10). This was also the case for Glentana, but 
males had lower speeds than females at 18°C (β = -321.99±151.87, t(18) = -2.12, p = 0.0481; 
Fig. 10). By contrast, there were marked differences in the relationship of performance and 
personality across temperatures in the Cape St Francis population. At 12°C, no relationship 
between speed and personality rank was found; at 18°C and 26°C, shy individuals were faster 
(β = 25.09±8.32, t(23) = 3.01, p = 0.006; β = 16.04±5.93, t(22) = 2.70, p = 0.013, respectively; 
Fig. 10). Fast-start speed at 26°C was also affected by mass and sex, with larger females having 
lower speed, while males’ speed was not influenced by mass (mass x sex interaction: β = 13.09, 
t(22) = 2.97, p = 0.007). 
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Figure 8: Relationship between Umax and personality rank (measured at 18°C) between the three 
populations (illustrating the Rank x Population interaction term, Table 3).  
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Figure 9: CTmin of males (right panel) from Hondeklip Bay decreased with increasing personality 
rank (with higher ranks representing shyer individuals), while this effect was much weaker in females 
of this group. 
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Figure 10: Relationships between fast-start speed and personality rank (measured at 12, 18 and 26°C, 
left to right) in the Cape St Francis, Hondeklip Bay and Glentana populations (top to bottom). Solid 
lines indicate general linear regression fits from best statistical models; the dashed lines indicate the 
slope for females when effects of sex were significant. Higher values of personality rank represent shyer 
individuals. 
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Performance curve parameters – among populations 
Populations differed in mass (F(4, 68) = 3.80, adj. R2 = 0.13, p = 0.008), with individuals from 
Glentana being heavier than those from Cape St Francis (17.7±6.34g heavier; Tukey HSD: t(68) 
= 2.80, p = 0.018) and Hondeklip Bay (19.25±6.45g heavier, t(68) = -2.99, p = 0.011). 
Hondeklip Bay and Cape St Francis mean masses did not differ (t(68) = -0.25, p = 0.966).  
There were no effects of population or rank on thermal tolerance breadth (F(5, 67) = 0.62, adj. 
R2 = -0.03, p = 0.683) and B80 (F(5, 67) = 0.80, adj. R2 = -0.01, p = 0.557). Differences in Topt, 
CTmax and CTmin were best explained by population origin when accounting for personality 
rank, mass and sex as covariates (overall model F(5, 67) = 1.69, adj. R2 = 0.05, p = 0.149; Fig. 
10). The CTmax of individuals from Cape St Francis (30.8±0.1°C) was higher than those from 
Hondeklip Bay (30.4±0.1°C; t(67) = -2.575, p = 0.032) (Fig. 11).  
Individuals from Hondeklip Bay had a significantly lower CTmin (5.96±0.04°C; overall model 
F(5, 67) = 13.66, adj. R2 = 0.47, p < 0.001; Fig. 10) than individuals from Glentana 
(6.19±0.04°C, t(67) = -4.52, p < 0.001) and Cape St Francis (6.37±0.03°C, t(67) = -7.98, p < 
0.001), and Glentana individuals had lower CTmin values than those from Cape St Francis 
(t(67) = -2.67, p = 0.025). Individuals from Cape St Francis had a significantly higher thermal 
optimum (20.73±0.64°C) than individuals from Glentana (18.24±0.44°C, t(70) = -2.71, p = 
0.023) but not Hondeklip Bay (19.11±0.78°C, t(70) = -1.81, p = 0.175; Fig. 11). Summary 
statistics of these thermal traits are provided in supplementary materials (Table S3). 
Personality rank contributed to Umax variation among populations (Table 3; Fig. 12) but 
other interactive factors also explained Umax. In Hondeklip Bay and Cape St Francis, shyer 
individuals performed better and the slope of this relationship did not differ between these 
two locations (Cape St Francis—Hondeklip Bay: F(1, 56) = 0.01, p = 0.926, Fig. 12). By 
contrast, in Glentana, bolder individuals performed better and this relationship differed from 
the other two populations (Cape St Francis—Glentana: F(1, 56) = 5.52, p = 0.022; 
Glentana—Hondeklip: F(1, 56) = 4.92, p = 0.031). The relationships between Umax and 
mass differed between sexes in Glentana and Cape St Francis but not in Hondeklip Bay (Fig 
12). Across all populations, the positive relationship between Umax and personality rank 
increased in strength as average fish mass increased, but confidence intervals widened with 
increasing mass owing to fewer large individuals (Fig. 13).  
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The fast start speed relationship with personality rank at 18 and 26°C differed across 
populations, with shyer individuals being faster at warmer temperatures in Cape St Francis 
but not in other locations (18°C: Rank x Population interaction, Cape St Francis—Glentana 
F(1, 57) = 10.52, p = 0.002; Cape St Francis—Hondeklip F(1, 57) = 0.65, p = 0.423; 
Glentana—Hondeklip F(1, 57) = 5.30, p = 0.02; 26°C: Rank β = 16.043±5.95, t(58) = 2.70, p 
= 0.009; Fig. 10).  
 
 
Stellenbosch University  https://scholar.sun.ac.za
42 
 
 
Figure 11: CTmax (panel A, top), Topt (panel B, centre) and CTmin (panel C, bottom) for the three 
populations. Boxplots indicate the median (bold lines), first and third quartiles (boxes), and extreme 
values (whiskers). Outliers are indicated by solid circles. Significant differences are indicated by 
asterisks (* = p<0.05, *** = p<0.001).  
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Figure 12: Slopes of Umax in relation to mass for each population and sex group. 
 
 
Figure 13: Relationship between Umax and personality rank at five levels of fish body mass across all 
populations. Body mass increases left to right over 5 equally spaced levels. 
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Table 3: Outcomes of a general linear model testing for the effects of personality rank at 18°C, 
population of origin, mass and sex on maximal speed (Umax). Best model presented (see methods). 
These analyses incorporated personality ranks determined for each population separately. 
    Umax 
    β CI p 
(Intercept)   1398.00 755.55 – 2040.46 <.001 
Rank   4.63 -23.23 – 32.49 .740 
Mass   -18.66 -36.23 – -1.09 .038 
Sex   -596.38 -1291.19 – 98.42 .091 
Population 
Glentana   -610.94 -1646.44 – 424.56 .242 
Hondeklip   -88.20 -783.17 – 606.78 .800 
Rank x Mass   0.42 -0.30 – 1.13 .250 
Rank x Sex   12.65 -15.41 – 40.70 .370 
Mass x Sex   17.10 0.27 – 33.94 .047 
Rank x Population (Glentana)   -44.98 -83.34 – -6.61 .022 
Rank x Population (Hondeklip)   1.55 -31.50 – 34.60 .926 
Mass x Population (Glentana)   42.23 13.30 – 71.16 .005 
Mass x Population (Hondeklip)   3.88 -18.22 – 25.99 .726 
Sex x Population (Glentana)   1294.88 106.06 – 2483.70 .033 
Sex x Population (Hondeklip)   386.75 -470.80 – 1244.31 .370 
Mass x Sex x Population (Glentana)   -47.31 -78.57 – -16.04 .004 
Mass x Sex x Population (Hondeklip)   -15.17 -41.39 – 11.04 .251 
Observations   73 
R2 / adj. R2   .323 / .130 
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Discussion 
Overview of findings and review of predictions 
This study demonstrated that the clinid Clinus superciliosus presents consistent and repeatable 
behavioural traits which can be considered syndromes or personality (Bell 2005, Dingemanse 
and Réale 2005, Dingemanse et al. 2010). Behaviour was repeatable not only across trials, both 
short and long-term, but also remained remarkably consistent across temperature treatments. 
This study thus illustrates that these intertidal fish have personalities, and these were present in 
several populations from distinct thermal regimes. This is particularly important because most 
studies to date test for personality in fish species that are more open-water swimmers (e.g. 
Sundström et al. 2004, Burns 2008, Huntingford et al. 2010), relying on sustained aerobic 
performance and utilising a different set of traits for predator avoidance. Because current 
theories of relationships between personality and performance (boldness promotes higher 
performance) focus on these active, open-water species with a different set of traits for survival, 
disparate conclusions regarding the interplay between personality and performance may be 
reached when using a fish with different escape strategies relying on different muscular types. 
This study uncovered that the mean fast start speed and the maximum swimming speed (Umax) 
was related to personality but differed substantially among populations. Performance and 
personality relationships did not vary consistently among populations. Some traits had no 
significant relationships with personality (e.g. TBR, B80) while other traits such as maximum 
swimming speed and CTmin differed in their personality-dependence among populations with 
sometimes complex interactions with body mass and sex. In addition, the relationship between 
fast-start speed and personality changed across temperatures for the warmest population. Most 
importantly, rather than the expected personality-performance relationship (bold individuals 
performing better than shy individuals), my data demonstrated that shy individuals often 
outperformed bold individuals in maximal and average speeds. Shy individuals were 
consistently better performers in the warm population (Cape St Francis) but this relationship 
was only partially supported in the cold population and not supported in the intermediate, less 
variable regime (Glentana). While there were more complex effects with mass and sex in some 
cases, in general the data suggest that personality and likely its underlying physiology 
(Dingemanse et al. 2010, Careau and Garland 2012, Le Galliard et al. 2013, Rupia et al. 2016) 
affects peak performance and this role is maintained depending on long term adaptation to 
thermal regimes. While other performance parameters such as CTmax and Topt differed among 
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populations and in accord with thermal adaptation to thermal regimes, personality does not 
seem to shape these parameters. In the cold-origin (Hondeklip Bay) population, shy males had 
a lower critical thermal minimum and this relationship between CTmin and shyness was 
stronger than that of females, suggesting that sex and personality effects played a larger role in 
setting lower temperature limits in cold thermal regimes.  
Relationships between performance and personality 
Differences in sprint-speed—personality relationships between populations may be explained 
by differing predation pressures and survival strategies in the contrasting environments of the 
South African coastline. Although the absolute temperature differences between Glentana and 
Cape St Francis are less than those between Cape St Francis and Hondeklip Bay (Smit et al. 
2013), the largest difference in this relationship occurred between the former. Changes in the 
relationship between personality and sprint speed performance between differently sized 
individuals (i.e. changes in the slope of the Umax-Personality relationship with a change in 
mass) may be partly explained by the experiential component of personality (Stamps and 
Groothuis 2010, Careau and Garland 2012). Larger individuals are also likely to be older and 
thus life experience prior to sampling may play a role in modifying the performance-personality 
relationship. Alternatively, warm-origin individuals may be larger simply due to faster growth 
rates at warm temperatures.  
Differences in inter-individual sprint speed performance are expected to be affected primarily 
by ratios of red and white muscle tissue, thus affecting the capacity for anaerobic performance, 
i.e. reflexive fast-start speeds as investigated here (Goolish 1989, Ingley et al. 2016). These 
ratios are also expected to change with body size, partially explaining mass effects on sprint 
speed performance in the present study. In general, the strength of the positive relationship 
between sprint speed and increased personality rank (i.e. higher shyness) increased with mass, 
but with a lower confidence at highest mass. It is possible that shy individuals have a greater 
proportion of anaerobic white muscle tissue, in accordance with lower metabolic rates, meaning 
they perform better under anaerobic reflexive performance conditions, but are less adept at 
aerobic, metabolically demanding movement and endurance, which may be more suited to a 
bold behavioural profile and underlying physiology (see Goolish 1989 for an analysis of red 
and white muscle mass ratios and their role in rainbow trout performance). In essence, shy fish 
may conserve energy in order to maximise their ability to quickly escape predators (through 
storing energy for fast bursts of speed) and enter a home crevice to ensure survival, while bold 
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fish tend to maintain activity for foraging and other fitness-enhancing activities with the trade-
off of an increased predation risk through their relatively lower fast-start performance (Stamps 
2007, Biro and Stamps 2008).  
Sprint-speed performance is likely have important fitness consequences in the context of 
predator avoidance and acquisition of prey in the carnivorous C. superciliosus. Fish in a low-
predation environment are likely to have a reduced sprint-speed ability (Ingley 2016). This 
relationship between sprint speed ability and predator pressure may be further affected or 
moderated by personality type (in the context of risk-avoidance), leading to differences in 
sprint-speed ability between bold and shy sub-populations within unique environmental 
conditions (Smith and Blumstein 2008). The morphology and observed behaviour of C. 
superciliosus would suggest a sprint-speed focused predator-avoidance strategy. Clinus 
superciliosus has cryptic colouration, is demersal (does not hover in the water column, 
preferring to rest on the substrate) and has a compressiform body shape that is not suited to 
sustained high-speed swimming (Smith 1986). It is suggested that bold and shy individuals both 
rely on sprint speed to avoid predators and capture prey, but that this trait is more important for 
the survival of shy individuals. Shy individuals will tend to stay close to cover such as rock 
crevices, relying on fast bursts of speed over short distances to return to cover or catch prey 
opportunistically. Bold individuals however, may tend to explore open areas, relying more on 
camouflage (Kim and Velando 2015) or transitioning from active swimming into a fast sprint 
to escape predators.  
Despite being slower in sprint speed and having an energetically costly behavioural suite, bold 
fish are unlikely to be disadvantaged in fitness compared to shy individuals because of other 
benefits of their physiological-behavioural traits (Stamps 2007, Rupia et al. 2016). Stamps 
(2007) provides a framework regarding a potential trade-off between bold and shy personality 
types that may be in operation in the present study system (Reidy et al. 2000, Le Galliard et al. 
2013). The maintenance of both behavioural types is possible by the generally lower 
survivorship of bold individuals being balanced by earlier breeding success, while shy 
individuals have lower breeding success but survive long enough to have similar fitness 
(Dingemanse and Réale 2005, Stamps 2007, Smith and Blumstein 2008, Le Galliard et al. 
2013). While bold individuals may encounter higher predation risks (Carter et al. 2010) and 
have decreased survival, the fitness of surviving individuals may be increased by a greater 
frequency of encounters with potential mates and a more reliable food intake through greater 
activity levels (Dingemanse and Réale 2005, Smith and Blumstein 2008, Le Galliard et al. 
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2013). In addition, the higher aggression of bold individuals could allow for improved territory 
holding ability, given no other advantages such as greater body mass or body condition. This 
aggressive monopolisation of specific areas in a home range would allow better access to food, 
cover and mates. 
Thermal tolerance and thermal optima between populations 
Some differences in thermal tolerance were found between the three populations, and these 
differences for the most part were indicative of thermal adaptation to local conditions (Sorte et 
al. 2011), possibly owing to the historical influence of subtropical oceanic currents (Smit et al. 
2013). Fish from Cape St Francis (warm) and Glentana (warm but less variable temperatures) 
were unable to endure very low temperatures in comparison to the Hondeklip Bay (cold) 
population, indicating that the more similar temperature profile of these former locations was 
reflected in the CTmin results. Hondeklip Bay fish are exposed to an upwelling of very cold, 
nutrient-rich water in their west coast habitat (Lutjeharms 2001, Smit et al. 2013), likely 
selecting for the adaptation of improved cold tolerance ability.  
Differences in thermal optima were found when evaluating the average maximal speed curves 
between populations, with Cape St Francis having a higher thermal optimum than Glentana and 
Hondeklip Bay. This result was partially expected: Cape St Francis individuals should indeed 
have a higher thermal optimum if they have adapted to its warmer local conditions. Despite its 
relatively warm regime and geographic proximity to the warm population, it was surprising that 
individuals from Glentana had a lower thermal optimum than those from Cape St Francis and 
similar to individuals from the cold site, Hondeklip Bay. Several factors may explain these 
patterns. First, the ability of individuals from Hondeklip Bay to have lower critical minimum 
temperatures may be coupled with lower flexibility of optimal temperatures (Huey and Hertz 
1984). Second, fluctuating temperature regimes in intertidal rock pools such as rapid cooling 
from an influx of cold water in the incoming tide or unpredictability have resulted in more 
similar parameters than expected to favour a physiological state capable of withstanding these 
conditions. Third, fish in the cold population experience similar warmer temperatures as in the 
warm variable (Glentana) population while limited to the upper shore during low tide owing to 
solar radiation effects on small rockpool water bodies (Marshall et al. 2010, Vinagre et al. 
2013). Another possibility is that thermal optima are genetically conserved for some 
populations or current gene flow levels are sufficient to prevent divergence in this trait (Sorte 
et al. 2011). 
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Conclusion 
This study has established the existence of personality and revealed a complex interplay of 
contrasting performance measures with a suite of behavioural traits (personality) in Clinus 
superciliosus. The most prominent finding was that although performance and personality are 
indeed inter-related, as predicted by theory based on underlying physiology (sensu Careau and 
Garland 2012), the direction of this relationship was opposite to expectation: shy individuals 
outperformed bold individuals in a measure of whole-organism performance, whereas theory 
predicts an advantage for bold individuals in this context. In addition, these relationships 
changed when personality was measured under different thermal conditions in warm and cold-
origin populations. In particular, differing survival strategies relating to personality type may 
result in shifts in the direction of performance-personality relationships and other factors such 
as body mass and sex need to be accounted for. For example, selection of performance and 
personality covariation may differ in larger, older individuals versus young adults and between 
males and females at the species or population level. This finding, in addition to results 
suggesting differing directionality between personality and performance depending on the 
measured performance trait, indicates a need for caution in broad application of energetically-
mediated performance-personality theory. 
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Supplementary materials 
Focal species background 
Clinus superciliosus (Perciformes: Clinidae) is a marine teleost endemic to southern African 
intertidal and subtidal environments from northern Namibia to the Kei River (Smith 1986).  
Abundance and distribution in tidal pools appears to be most strongly affected by available 
cover and the size of the pool itself (Prochazka and Griffiths 1992). A general trend has been 
observed of juveniles and subadults being found in the upper and mid intertidal zones while 
adults occur more frequently in the subtidal (Prochazka and Griffiths 1992).   This species is 
the most abundant and variable in morphology of the South African clinids (Penrith 1969; 
Holleman et al. 2012). The colouration and patterning of C. superciliosus individuals varies 
depending on the local environment; it is probable that the site of larval settling partly 
determines development of these traits (Holleman et al. 2012). Penrith (1969) noted an increase 
in both the crest height and the number of dorsal fin spines in west coast individuals compared 
to those found east of Cape Point. This finding was corroborated by Holleman et al. (2012), 
who suggested that these meristic traits may be related to environmental factors, predominantly 
temperature. It is therefore possible that this increase in fin ray count amongst the west coast 
populations of southern Africa is an example of Jordan’s rule: number of vertebrae, which is 
correlated with number of fin rays, increases with colder climate (Jordan 1891; Baumann et al. 
2012).  
Clinus superciliosus is carnivorous, with a diet consisting mostly of amphipods and other 
invertebrate groups; large individuals may feed upon small fish opportunistically (Bennett et 
al. 1983; Prochazka 1998). Holleman et al. (2012) observe that when encountering possible 
prey, dominant individuals will attempt to monopolise the resource and show aggressive 
behaviour towards conspecifics. Little data exists to empirically ascertain the predation 
pressure on C. superciliosus; however, it is possible that juveniles prefer the upper intertidal 
for escape from subtidal predators, and relying on camouflage and quick dashes to cover for 
protection from terrestrial or airborne threats. Adult individuals are less likely to be preyed 
upon owing to their size, but utilise similar evasive tactics when a danger is perceived. 
Holleman et al. (2012) note that smaller individuals in open environments are more skittish and 
are more likely to be wary of a diver’s presence, while larger individuals may in fact show an 
inquisitive stance towards divers, indicating that predation pressure is likely to be low above a 
certain size threshold.  
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The focal species is viviparous and females give birth to relatively small numbers of 
postflexion larvae (Prochazka 1994, Fishelson and Gon 2009, von der Heyden et al 2011), a 
trait common to all southern African clinids. This viviparous biology is most likely a response 
to the dangers of predation and displacement from intertidal environments, allowing young fish 
to quickly develop swimming ability and thus avoid predators or being swept out to open waters 
(Fishelson and Gon 2009). A further reproductive adaptation is that of super-embryonation: 
gravid females can hold multiple broods of young at different developmental stages, allowing 
females to produce young frequently (Veith 1979, Fishelson and Gon 2009). Viviparity in fish 
has evolved multiple times in different evolutionary contexts; in the case of the South African 
clinids, Fishelson and Gon (2009) put forward a number of suggestions for the adaptive benefits 
of viviparity. They argue that viviparity and the pulsed reproductive bouts as a result of 
superembryonation in these fish allows for predator escape ability, feeding independence and 
intraspecific competition reduction for the larvae, and lessens the energetic impact of 
reproduction for the female fish. Clinus superciliosus is also seemingly not constrained in 
breeding season based on temporal gonad mass analyses, but this is not conclusive (Prochazka 
1994). Prochazka (1994) further notes that juvenile recruitment is highest in the early part of 
the year, which is inconsistent with the assumption of year-round reproduction. Females are 
larger than males when maximum length is reached, most likely selected for as larger size 
allows a female to produce more offspring per reproductive bout and decreases relative energy 
use (Veith 1979; Prochazka 1994). Clinids in general produce small batches of well-developed 
young that settle into the natal pool very quickly after birth, with no actual pelagic stage 
(Fishelson and Gon 2009), minimising dispersal by larval fish. 
The C. superciliosus complex is classified as part of the suborder Blennioidei, family Clinidae 
and further grouped into the tribe Clinini. Multiple studies to determine the taxonomic status 
of the clinids have been carried out, resulting in a relatively well-established phylogeny for this 
group (Penrith 1969; Smith 1986; Stepien 1992; Stepien et al. 1993, 1997; Holleman et al. 
2012). However, von der Heyden et al. (2011) report three distinct lineages within C. 
superciliosus with genetic distances equal to that between sister species, indicating cryptic 
speciation and a need for further finer-scale phylogenetic efforts and morphological 
investigation. Current work points to the C. superciliosus species complex consisting of six 
closely related species (Holleman et al. 2012). At a population genetic level, C. superciliosus 
is fairly well studied. In general, clinids are characterised by lower gene flow than open-water 
fish or intertidal species with pelagic larval stages owing to the restriction of movement for 
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juveniles and multiple characteristics that limit dispersal in adults (Prochazka 1998, von der 
Heyden et al. 2013). A subtidal distribution of adult specimens in C. superciliosus is the likely 
cause for greater dispersal ability and thus higher gene flow compared to other clinids between 
adjacent populations (von der Heyden et al. 2013). The greater portion of detected gene flow 
is biased in an eastward direction along the coastal distribution, most likely as a result of 
infrequent in-shore Agulhas counter-current use by larvae (von der Heyden et al. 2011). von 
der Heyden et al. (2011) described evidence for divergent clades within the C. superciliosus 
complex as well as indications of strong genetic structuring between populations, despite this 
species being less restricted than related species. Significant genetic breaks, most notably to 
the west of Port Alfred, have been identified for marine species in general including C. 
superciliosus (von der Heyden et al. 2011). Clinus superciliosus was found by von der Heyden 
et al. (2013) to have a longer evolutionary history and larger effective population size than the 
closely related C. cottoides. It is likely that the generalist nature of this species allowed it to 
avoid population bottleneck events following habitat loss as a result of sea level changes, which 
may have affected the more tidepool-dependent C. cottoides (von der Heyden et al. 2008; von 
der Heyden et al. 2013).  
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Figure S1: Diagram of the jacketed sleeve experimental aquarium. The internal area is filled with 
seawater at 5cm depth and set to the desired test temperature through circulation in the outer sleeve 
(with higher temperatures aided by an aquarium heater in the non-trial compartment). An aquarium 
filter circulated the water when targeting test temperatures to attain trial conditions more rapidly. Trials 
took place in the trial arena compartment with a video camera mounted overhead on an inverted tripod. 
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Figure S2: Contributions of the behavioural 
variables to the total variance in the principal 
components analysis, showing snout emergence, full emergence, latency to mirror approach and 
distance moved above the reference line (corresponding to the expected value if the contribution of 
these variables to the first two principal components was uniform). 
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Figure S3: Combined scree/bar plot showing the percentage of variance explained by the PCA 
dimensions. 
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Figure S4: Individual factor map on the PCA dimensions. Red circles (Cape St Francis), green triangles 
(Glentana) and blue squares (Hondeklip Bay) indicate the placement of individuals from each 
population on the PCA axes. Shaded ellipses show the outer boundaries of population distributions in 
the PCA dimensions. Essentially, there is a large degree of overlap in behavioural traits between all 
three populations, and thus no dimension of behaviour is disproportionately represented by any 
particular population group.  
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Table S1: Long-term repeatability values for the three most repeatable traits in the three 
populations. The measured traits were highly repeatable when tested months subsequent to the 
original trials in a subset of individuals and retained their relative personality rank positions. 
Population 
Snout 
emergence Distance 
Latency to 
approach 
mirror 
Hondeklip Bay 0.85 0.896 0.767 
Glentana 0.748 0.851 0.946 
Cape St Francis 0.73 0.764 0.97 
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Table S2: Spearman rank correlations of the personality ranks established at 12, 18 and 26°C 
for the three populations. Personality rank did not change significantly between temperatures, 
with the lowest correlation between temperature treatments being 0.69 in the Glentana 
population, between the 18 and 26°C rank distributions. 
 
 
 
 
 
 Hondeklip Bay Glentana Cape St Francis 
12°C vs 18°C 0.74 0.79 0.87 
12°C vs 26°C 0.84 0.82 0.87 
18°C vs 26°C 0.78 0.69 0.90 
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Table S3: Summarised results of critical thermal maxima (CTmax), thermal optima (Topt) and critical 
thermal minima (CTmin), showing mean, sample size, standard deviation and standard error per 
population for each thermal trait. 
CTmax 
Population Mean (°C) N SD SE 
Cape St Francis 30.81 27 0.50 0.10 
Glentana 30.49 22 0.36 0.08 
Hondeklip Bay 30.47 24 0.51 0.10 
 
Topt 
Population Mean (°C) N SD SE 
Cape St Francis 20.73 27 3.33 0.64 
Glentana 18.24 22 2.09 0.44 
Hondeklip Bay 19.11 24 3.84 0.78 
 
CTmin 
Population Mean (°C) N SD SE 
Cape St Francis 6.37 27 0.17 0.03 
Glentana 6.19 22 0.20 0.04 
Hondeklip Bay 5.96 24 0.18 0.04 
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General Conclusion 
This study contributes to the current growing literature focusing on personality traits of 
animals, the associations between behavioural syndromes and performance traits and how these 
can potentially shape animal communities. A notable finding of this study is that shyer 
individuals that are associated with a risk-averse behavioural syndrome and a slower pace-of-
life were generally better performers for maximal sprint speed than bold individuals. 
Furthermore, this relationship was consistent within populations when tested at different 
temperatures but not among populations. This result runs counter to prevailing theoretical 
expectations and thus can enhance current theory. My findings highlight that further 
consideration should be given to the relationships between personality and performance traits 
for non-typical model species (or species with differing survival strategies) and among a variety 
of ecologically relevant contexts. 
This study also demonstrated that variation in critical thermal minima across populations was 
in line with the thermal regimes in their respective locations, suggesting thermal adaptation to 
their microclimates, or at least perhaps to lower temperature extremes. However, thermal 
optima, upper thermal tolerance and performance breadth among populations were not in 
accordance with local thermal conditions, suggesting that adaptation to local conditions is 
constrained either through phylogenetic conservation, gene flow, trade-offs among thermal 
performance parameters or a lack of selective pressure for particular traits. Maximal 
performance did not differ across populations from contrasting thermal environments but was 
the trait that most consistently co-varied with behaviour. Therefore, personality seems to play 
a key role in shaping maximal performance. 
The current study raises interesting questions for future work. First, behaviour-performance 
associations and underlying physiologies should be investigated in species with differing 
activity patterns and survival strategies to those currently dominating the literature. In the 
context of fish, most work is centred on open-water, active, and pelagic species. Second, while 
the population genetics and phylogeography of the clinids (including C. superciliosus) are 
fairly well-established, this study is one of very few investigating thermal physiological and 
behavioural aspects of this group. Finally, of great interest would be to explicitly test the fitness 
consequences of the performance metrics of the current study, comparing the fitness of bold 
versus shy groups, and comparing populations with differing personality/performance 
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associations through survival analysis and other metrics of evolutionary fitness to place the 
findings of the current study in a broader evolutionary context. 
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